ABSTRACT
INTRODUCTION
In nature, aquatic organisms are constantly exposed to metals from geochemical processes and anthropogenic activities. Metals exist in a variety of physical and chemical forms in the water column and in the bottom sediments. In estuarine ecosystems, it was confirmed that sediments are not only functioning as heavy metal scavenger, but also as one of potential sources for heavy metals to the ecosystem [1] .
Fish residing in contaminated ecosystem are able to take up appreciable amounts of available heavy metal through the gill and the gastrointestinal tract, bioaccumulated and excert their toxic effect towards the organisms and other organisms positioned in higher trophic level. Heavy metals bioaccumulation influenced by physicochemical aspects, i.e. the dynamic nature of metal speciation, membrane passage properties and its bioavailability; and physiological aspects, i.e. distribution within specific tissues, biotransformation and excretion.
Bioaccumulation starts with the uptake of chemical across a biological membrane. Gill is the key interface for the uptake of waterborne metal from water. Waterborne metals may enter the gill by facilitated cation transport, by facilitated anion transport and by passive diffusion of lipophilic metal forms, followed by rapid binding to intracellular ligands such as metallothioeneins (MTs). Biotic Ligand Model (BLM) [2] , assumed the available form to be transported across the cell membrane, is the free metal ion (M z+ ). Therefore, the importance of the free-metal ion activity as a predictor of metal bioavailability remains indisputable. Under such conditions, all labile diffusive species will contribute to metal uptake.
Waterborne metal is relatively easy in approaching a biological membrane; since there is no advective and/or diffusive limitation in transporting heavy metals from the bulk solution to the gill surface by the mechanisms [3] . More limitation is encountered in the bioavailability of heavy metal associated with surface of particles, such as biogenic particles (fecal pellets or phytodetritus), or abiotic particulate matters (clay and sediment's organic matter). In this case, equilibration between dissolution-precipitation, and sorption-desorption equilibrium between sediments and water phase controlled the dissolved levels of metals in aquatic environment [2] .
Since the epithelial membrane in the gut is naturally rich in transport systems, it seems logical that the metal uptake across respiratory gill and gut epithelia are similar. Base on this reason, Kamunde et al., [4] studied the uptake of waterborne and dietary 64 Cu exposures, and found no significant difference in specific activities for waterborne and dietary 64 Cu. This data confirmed that the internalization of metals into the cells of gills and gut epithelias are governed mostly by the free metal ion (M   z+   ) . Inside an organism, metals are transported by blood and distributed into different compartments. The main target organ for metal accumulation in fish is the liver, and the remaining free metal-protein complex can be reabsorbed by the circulatory system to be redistributed. Another organ that sometimes can exhibit strong metal accumulation in fish is the carcass [5] . Heavy metal accumulation in carcass is of great importance in human health because it can produce poisoning in fish consumers. Therefore, it is important to understand the heavy metal accumulation dynamics in fish due to chronic sublethal heavy metal exposure resembles those in the environment.
The objective of this work is to describe and predict the bioaccumulation using a bioaccumulation model. The heavy metals studied are Cu and Zn which represent the essential hard cations, and the nonessential soft cations: Cd and Hg.
Theoretical Considerations In Bioaccumulation Model
Fish are exposed to waterborne and particulate heavy metal including suspended matter, sediment particles and food sources. A mechanistic understanding of the processes of heavy metal bioaccumulation in fish requires coupling of the different processes in a dynamic manner, involved the dynamics of exposure to uptake, compartmentalization, accumulation and excretion. For that reason, modeling rates and routes of heavy metal in the uptake and accumulation will be useful for understanding the framework of key processes in bioaccumulation.
Based on the BLM [2] and the study of Kamunde et al. [4] , heavy metals uptake in fish are assumed to be mostly from waterborne exposure. The bioaccumulation dynamics of waterborne heavy metals can be described as follow:
Assuming the uptake of heavy metals from the water phase follows a first order kinetics, the rate of decrease of the amount of the heavy metals would be linearly proportional to the amount of that remaining in water phase, with a proportionality factor of k W , which could be expressed mathematically as: 
The main purpose in developing model for bioaccumulation in this study is to quantify the parameters related to bioaccumulation of heavy metals in fish. In that case, the following conditions were considered: 1. For short term exposure, the excretion of the heavy metal could be effectively negligible to that for the heavy metal uptake resulting in a simpler form equation (4):
Therefore the first order rate constant for the uptake of heavy metals, k W , could be evaluated by the method of residuals, and further, the uptake efficiency could be calculated [6] . 2. After long exposure, t   , when the accumulation capacity of the organism has been reached, the second term of equation (4) 
The input for the bioaccumulation model will be obtained from simulated estuarine ecosystem of fishwater microcosm. If the assumption that heavy metals uptake in gills and gut epithelias are mostly from waterborne exposure holds for other heavy metals, then the obtained parameters from bioaccumulation model from fish-water microcosm can be used to predict the bioaccumulation due to waterborne and particulate heavy metal exposure in fish-water-sediment microcosm. However, the level of waterborne heavy metals in fish-water-sediment microcosm is determined by desorption equilibrium coefficients, 1/K D , of the sediments, which is influenced by salinity [1] .
Further, in light of the transportation of chemical across a biological membrane, the hydrophilic and/or lipophilic fractions of available heavy metal may give significant effects in the uptake and accumulation mechanisms. Finally, for consumer safety, the distribution of heavy metals within specific internal organs, especially heavy metals in carcass, will be evaluated.
EXPERIMENTAL SECTION Material
All chemicals used in the present work are of analytical grade. The estuarine sediment was collected from Gombol, Segara Anakan estuary, Cilacap, Cental Java, kept in wet condition and processed as soon as possible. The sediment used in this study was characterized as heavy clay, consisting of 60 % clays, 27 % fines, 13 % sands with relatively high content of organic matter, i.e. 3.64 % (Soil Laboratory, Faculty of Agriculture, Gadjah Mada University).
The seawater was collected from Parangtritis, South coast of Special Province of Jogyakarta, mixed and let stand for one week. The water phase used in this study was a mixture of seawater:Aqua (1:1), with salinity of 12‰, and pH 7. The fish, Oreochromis nilotycus, of about 2 months old were collected from Ngaglik, Sleman, Special Province of Jogyakarta. The fish were maintained in sediment-free aquarium with running brackish water (a mixture of seawater:Aqua 1:1) for 24 hours, and then acclimatized in laboratory condition for 2 weeks period. Heavy metal concentration in the pellet used for fish feeding contains Cu 
Experimental Design
In the real field condition, exposure, bioavailability, and bioaccumulation are linked, therefore heavy metal bioaccumulation dynamics will be studied in a simulation of Segara Anakan specific condition. The study on physicochemical aspect of bioaccumulation includes study on fractions of the bioavailable heavy metals in sediment, and bioaccumulation in O. nilotycus, both due to waterborne and particulate heavy metals exposure, while the study on physiological aspect of bioaccumulation include the distribution of heavy metals within specific organs of the organism.
Determination of heavy metals fractions in sediment
Into each of 24 polyethylene vessel of 1.5 L, previously washed with 1M HCl, 60 g wet sediment was added. They are divided in 3 groups of 8 vessels and enriched with heavy metal solutions prepared from CuSO 4 , and the third group was the control without enrichment. All of these were mixed and then leave it over night, further they were added with 900 mL mixture of seawater:Aqua 1:1, and kept at room temperature. Duplicate samples were taken at 1, 7, 14 and 28 day after enrichment. Samples of water and sediment were analyzed for waterborne Cu, Zn, Cd and Hg, and their total soil concentration. Another portion of sediment was analyzed for its lipophilic Cu, Zn, Cd and Hg concentration. The concentration of the residual heavy metal was calculated by the difference of total soil concentration and lipophilic concentration
Bioaccumulation of Heavy Metals in Oreochromis nilotycus (a) Bioaccumulation due to Waterborne Heavy Metal Exposure (Fish-Water Microcosms)
Into each of 4 polyethylene tanks of 38 cm x 29 cm wide x 27.5 cm depth, previously washed with 1M HCl, 30 L of mixture of seawater:Aqua 1:1 was added. The first 2 tanks were enriched with 2.5 mg Cu(II), 2.3 mg Zn(II), 3.3 mg Cd(II) and 0.08 mg Hg(II). The second 2 tanks were enriched with 5.1 mg Cu(II), 4.5 mg Zn(II), 6.5 mg Cd(II) and 0.16 mg Hg(II). After mixing and let it stand overnight, 15 fishes was added into each tank. The tanks were aerated and kept at room temperature for 28 days. The fish were fed at rate of 0.2 g pellets per fish per day. Samples of water, and internal organs of 5 O. nilotycus (gill, liver, carcass, and bones) were collected before the addition of fish into the tanks, denoted as samples of 0 day, and further samples were collected at 7, 14 and 28 days. All heavy metal measurements were performed on duplicate samples.
(b). Bioaccumulation due to Waterborne and Particulate Heavy Metal Exposure (Fish-Water-Sediment microcosms).
Into each of 6 polyethylene tanks of 38 cm x 29 cm wide x 27.5 cm depth, previously washed with 1M HCl, 30 kg of wet sediment was added. The first 2 tanks was enriched with 1486.8mg Cu(II), 368.5 mg Zn(II), 390 mg Cd(II) and 86.4 mg Hg(II); the second 2 tanks was 2973.6 mg Cu(II), 737 mg Zn(II), 780 mg Cd(II) and 172.7 mg Hg(II), the third 2 tanks was the control without enrichment. All of these were mixed and then leave it over night, further, a mixture of seawater:Aqua 1:1 of 45 L and 5 fish was added into each tank,. The tanks was aerated and kept at room temperature for 28 days. The fish were fed at rate of 0.2 g pellets per fish per day. Samples of water, sediment and internal organs of 5 O. nilotycus (gill, liver, carcass, and bones) were collected before the addition of fish into the tanks, denoted as samples of 0 day, and further collected at 28 days. All heavy metal measurements were performed on duplicate samples.
Analytical Procedures
Water samples. After filtration, the heavy metal in water samples was complexed with ammonium pyrolydine dithiocarbamate, APDC, (at pH = 4), and extracted into CHCl 3 . The heavy metals in CHCl 3 extract was reextracted into H 2 O with aqueous HNO 3 solution (to pH = 2), and subjected into the appropriate AAS for quantitative determination of the heavy metals. Recoveries of 80 %, 112 %, 139 % and 77 % for Cu, Zn, Cd and Hg were obtained respectively.
Sediment samples. Total concentration of heavy metals in sediment samples were determined in the appropriate AAS after wet digested with 3:2 mixture of HNO 3 :HCl at 80C. The clear solution obtained was filtered and diluted appropriately to obtain the required concentration for quantification in the AAS. The lipophilic heavy metal fractions of the sediment was continuously extracted using 100 mL mixture of hexane:acetone (1:1) in a soxhlet extraction apparatus for 12 circulations. The extract was evaporated and the residue was wet digested as above. Recoveries of 68 %, 69 %, 122 %, and 119 % were obtained for Cu, Zn, Cd and Hg respectively.
Fish samples. The gill, liver, carcass, and bones of O. nilotycus were dissected and soaked in the digestion mixture of HNO 3 :HCl (3:2) over night, then proceed as in sediment. The respective recoveries for Cu, Zn, Cd and Hg were 133 %, 93 %, 123 % and 74 %.
Data Evaluation
The obtained kinetics parameters for bioaccumulation of heavy metals due to waterborne exposure in simulated estuarine fish-water ecosystem were calculated based on the model developed. The data obtained were then used to predict the concentrations of heavy metals in Oreochromis nilotycus exposed to waterborne and particulate heavymetals in simulated estuarine fish-watersediment ecosystem at the 28 th day of exposure, and factors significantly influencing their bioavailability, uptake and bioaccumulation processes, were determined.
RESULT AND DISCUSSION

Heavy Metal Fractions in Sediments
The availability of heavy metal either from previous contamination or newly enriched heavy metals in sediment, were studied. The data are presented in Table 1 . Even though during the 28 days of incubation, sediment may undergoes diagenetic changes, no significant differences was observed in heavy metal concentrations of hydrophilic and the lipophilic fractions (P 0.05), indicated that heavy metal species in both fractions are chemically formed.
Most of the added heavy metals are associated with permanently negative charged sites of sediment, and considered to be unavailable, and only small fractions are available. The total available fractions for Cu, Zn, Cd, and Hg are about 1, 7, 43, 14%. Under simulated estuarine ecosystem, which is favourable for chloro-complex formation, the availability of soft cations Cd and Hg were higher than hard cations Cu and Zn, which prefer to form organo-complex.
As expected, the enrichment of Cu into the sediment increases its lipophilic fraction, indicated its preference to associate with organic matter. On the contrary, Zn enrichment increases the hydrophilic fraction, indicate that Zn prefer to associate with the available ligands in water phase, i.e. Cl -which has high solubility (432 g/100 mL).
Differ from Cu and Zn, Cd and Hg enrichment increases their residual fractions, indicating their preference to associate with permanently negative charged sites of sediment, possibly sulphides. The sulphur concentration in sediment of Segara Anakan was reported between 0.2-0.4%. A drastic decrease in lipophylic fraction was observed in Cd enrichment, while in Hg enrichment, the decrease was observed in hydrophilic fraction.
The differences of the enriched heavy metal behavior in this estuarine ecosystem may affect the bioavailability and uptake rates. However, the total available fractions of Cu, Zn and Hg was correlated to the desorption coefficient, 1/K D [1] , with degree of fitness, R 2 , 0.9378, which is in accord with the previous study [1, 7] .
Bioaccumulation of Heavy Metals in Oreochromis nilotycus
Heavy metal concentrations in a given organism are in a state of dynamic equilibrium, and are the net result of both uptake and elimination processes occurring simultaneously, therefore bioaccumulation reflects the balance between uptake and excretion.
Bioaccumulation model due to waterborne heavy metal exposure
In this simulated estuarine fish-water (F-W) ecosystem, the heavy metals are added into the system in the form of soluble inorganic salts, therefore all of the heavy metals in water phase can be considered as hydrophilic, and the influence of the dynamic nature of metal speciation is limited. This study describes more of the influence of O. nilotycus physiological aspects.
The kinetics parameters of heavy metal bioaccumulation in O. nilotycus due to waterborne heavy metal exposure are presented in Table 2 , and the appropriateness of the model to experimentally determined data are visualized in Fig.1 .
The uptake and excretion rate of Cu and Hg can be described mathematically as first order processes; therefore the bioaccumulation of Cu and Hg followed equation (4) . Their uptake and excretion rate constants are in the same order, but the uptake efficiency factor (E W ) of Cu was much lower than Hg. Cu is an essential heavy metal and known for its tight homeostatic regulation. Kamunde et al. [4] observed that Cu elevation or decline in specific tissue of Oncorhynchus mykiss resulting from the demand for new Cu uptake. These data suggest that Cu homeostasis in fish entails not only regulated the uptake, but also cellular Cu transport mechanisms and excretion. In this study, the homeostasis regulation of Cu was presented as lower E W at higher exposure concentration. On the other hand, higher E W was observed at higher exposure concentration of Hg, indicating that there is no homeostasis regulation occurred for non-essential heavy metal Hg. As the consequence, the estimated BCF of Cu decreases with increasing exposure concentration, while the estimated BCF of Hg increases with increasing exposure concentrations. Similar trend was observed in C fish /C water determined at 28 th days of heavy metal exposures. Since it was determined before the steady state was attained, its understandable that C fish /C water ratio was lower than the predicted BCF. In these calculations, the heavy metals uptake from food pellet was not considered. Compared to waterborne heavy metals absorption by the fish g Zn is an essential heavy metal, therefore it is homeostasis regulated. Glover and Hogstrand [8] reported that intestinal mucus of Oncorhynchus mykiss was one important regulatory locus, promoting zinc uptake at low concentrations yet buffering the fish against high luminal zinc loads, therefore, uptake efficiency decreases as the exposure concentration increases. In this simulated estuarine ecosystem, the body burden of Zn in the fish were high due to the previous exposure, as shown by its high C fish /C water ratio, therefore no more nutritional Zn was required, only excretion mechanisms was observed as homeostasis regulation manifestation.
Cd is non-essential heavy metal, however, the uptake efficiency decreases as the exposure concentration increases. The experimental data showed that the exposure time employed in this study was less than the time required to reach maximum concentration, T max ., and equation 5 was used to predict fish concentration. For that reason, the C fish /C water ratio were similar at different exposure concentrations.
It is clear that every heavy metal has its own bioaccumulation dynamics and it is important to note that the parameter values driving the model are not constant but varied among metals, organisms, and environmental conditions.
Bioaccumulation due to waterborne and particulate heavy metal exposure
In this simulated estuarine fish-water-sediment (F-W-S) ecosystem, beside the physiological aspects, the influence of the dynamic nature of metal speciation is more pronounced, and external equilibrium of all forms of heavy metals will take place.
Based on the assumption that heavy metals uptake in gills and gut epithelias are mostly from waterborne exposure, the heavy metal bioaccumulation due waterborne and particulate heavy metal exposure can be predicted using the obtained kinetics parameters of the bioaccumulation model above. The heavy metals concentration in O. nilotycus after 28 th days exposures, were predicted based on hydrophilic fraction and from the total of both hydrophilic and lipophilic sources, and compared to the measured concentration (Table 3) .
These data showed the tight homeostasis regulation for Cu and Zn as in the previous waterborne heavy metal bioaccumulation experiment. To accomplish the demand for Cu and Zn at low concentration of hydrophilic fractions, the uptake of Cu and Zn was not only from the hydrophilic fractions, but also supplied by the labile/ exchangeable species of Cu and Zn in the sediment. In fact, they are in equilibrium. Whenever the exposure concentrations are high, the Cu and Zn uptake are accomplished solely by the hydrophilic fraction, as shown in the closeness of prediction calculated from hydrophilic fractions uptake to the measured concentrations.
Cd and Hg are classified as soft cations, therefore Cd prefer to form strong complexes with Cl -ligand either in water phase or at the surface of the particles. For that reason, most of the available Cd present as hydrophilic fraction (Table 1) , and the model predicted concentrations due to hydrophilic fraction uptake were close to the measured concentrations.
On the other hand, Hg undergoes many complexation reactions with Cl -and OH -ligands in both water phase and surface particles, and form complexes by coordination with oxygen donor atoms at the surface of particles [9] . Even though in this simulated ecosystem, most of the available Hg was lipophilic fraction (Table 1) , the measured concentrations reflected that hydrophilic fractions were the main source for Hg uptake. Cd and Hg are non essential heavy metal, therefore the homeostasis regulation were not as tight as in Cu and Zn. As in the previous experiment of bioaccumulation due to waterborne exposure, in this study, homeostasis regulation for both cations appeared only at high exposure concentration. The closeness between model predicted concentration calculated from hydrophilic fraction to the measured concentration in waterborne and particulate heavy metals, confirm that the internalization of metals into the cells of gills and internal epithelias follows similar mechanisms.
Heavy Metal Distribution within Specific Organs in Oreochromis nilotycus
Following the uptake, the heavy metals is transported and distributed by circulatory system into specific organs. The physiological flow of 64 Cu following an acute waterborne exposure (48 hours) in rainbow trout (Oncorhynchus mykiss [4] , was from water across the gill membrane, excreted into plasma, and then distributed via arterial circulation and deposited into specific tissues. The uptakes of heavy metals are strongly related to the presence of MTs in the cytosol of hepatocytes. When the synthesis of these proteins is not enough to sequester all the incoming metal ions, the protein binding sites become saturated and level off. In this case, the remaining free metal-protein complex can be re-absorbed by the circulatory system, and redistributed to other organ or tissues.
As in the preceding experiments, similar physiological flow seems to be happened in O. nilotycus. It is interesting to note that the amount of Cu, Zn and Hg in liver of fish both from F-W microcosms and from F-W-S microcosms, were similar (Table 4) , even though their hydrophilic fractions are different. From Cu data, it was clearly shown that before the protein binding sites in liver were becoming saturated; no Cu was detected in the following organs, i.e. carcass and the Slowly Equilibrated Tissue (SET), but at higher hydrophilic fraction in water phase, then Cu was detected in carcass and SET. For that reason, carcass is a more relevant indicator for heavy metal bioaccumulation than liver; beside it is an important parameter for consumer safety. The closeness of C carcass /C hydrophylic ratio in simulated fish-water microcosm and in fish-watersediment microcosm indicate a similar heavy metal source accumulated in the carcass of O. nilotycus, i.e. the hydrophilic fraction in the water phase.
This study confirmed the bioaccumulation dynamics of non essential heavy metals Cd and Hg in carcass of Mugil Sp. and Geloina sp. residing in Segara Anakan estuary, Central Java, Indonesia [10] . These aquatic organisms are the protein source for the local residence of Segara Anakan, and concentrations of Cd and Hg in the edible part (carcass) were higher at dry season than at wet season, due to its higher salinity. Despite the organisms differences, the model predicted Cd wet basis concentrations of Mugil Sp and Geloina sp. at dry season of 1.4 mg/kg were in agreement with the measured concentration, of 2.2 mg/kg, respectively.
CONCLUSION
From these bioaccumulation studies, it was confirmed that internalization of metals into the cells of gills and epithelias are similar, and governed mostly by the waterborne heavy metals. The level of waterborne heavy metals is determined by desorption equilibrium coefficients, 1/K D [1] . In the previous work, due to their preference in complex formation, at higher concentration of Cl -ligands in water phase, only part of the enriched hard cations Cu and Zn are transferred into the overlaying water, resulting in smaller 1/K D , on the contrary, more soft cations Cd and Hg were transferred into the overlaying water phase resulting in higher equilibrium coefficient for desorption, 1/K D [1] . Similar trend were observed in this work ( Table 1 ).
The bioaccumulation model showed that Uptake Efficiency factor, E W = V W F (in L org -1 day -1 ) of essential heavy metals such as Cu and Zn, decreases as exposure concentration increases, due to homeostasis regulation in O. nilotycus, while for non essential heavy metal Hg, it is increases as the exposure concentration increases, causing the Estimated BCF and C fish /C water ratio at 28 th day for Hg were higher than Cu. No uptake of Zn was observed in this study, demonstrating that due to previous Zn exposure, no more nutritional Zn was required, as pointed out by high C fish /C water ratio in fishwater microcosms and C carcass /C hydrophylic ratio in fishwater-sediment microcosm. Therefore only excretion was observed as manifestation of homeostasis regulation. However, in this study, the E W factor of Cd indicated that there was a homeostasis regulation. Unfortunately only uptake rate constant could be determined; therefore the C fish /C water was at the same ratio.
From the study of heavy metal distribution within specific internal organs, it was revealed that due to the capacity of liver in accumulating these heavy metals, the concentration in carcass was more relevant in describing the bioaccumulation condition. The dynamics of heavy metal bioaccumulation in these simulated estuarine ecosystem is applicable to explain the observed Cd and Hg body burden in aquatic organisms of Segara Anakan estuarine ecosystem within the same order and higher at dry season than at wet season.
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